We consider the carrier transport and plasmonic phenomena in the lateral carbon nanotube (CNT) networks forming the device channel with asymmetric electrodes. One electrode is the Ohmic contact to the CNT network and the another contact is the Schottky contact. These structures can serve as detectors of the terahertz (THz) radiation. We develop the device model for response of the lateral CNT networks which comprise a mixture of randomly oriented semiconductor CNTs (s-CNTs) and quasi-metal CNTs ( m-CNTs). The proposed model includes the concept of the two-dimensional plasmons in relatively dense networks of randomly oriented CNTs (CNT "felt") and predicts the detector responsivity spectral characteristics. The detection mechanism is the rectification of the ac current due the nonlinearity of the Schottky contact current-voltage characteristics under the conditions of a strong enhancement of the potential drop at this contact associated with the plasmon excitation. We demonstrate that the excitation of the two-dimensional plasmons by incoming THz radiation the detector responsivity can induce sharp resonant peaks of the detector responsivity at the signal frequencies corresponding to the plasmonic resonances. The detector responsivity depends on the fractions of the s-and m-CNTs. The burning of the near-contact regions of the m-CNTs or destruction of these CNTs leads to a marked increase in the responsivity in agreement with our experimental data. The resonant THz detectors with sufficiently dense lateral CNT networks can compete and surpass other THz detectors using plasmonic effects at room temperatures.
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We consider the carrier transport and plasmonic phenomena in the lateral carbon nanotube (CNT) networks forming the device channel with asymmetric electrodes. One electrode is the Ohmic contact to the CNT network and the another contact is the Schottky contact. These structures can serve as detectors of the terahertz (THz) radiation. We develop the device model for response of the lateral CNT networks which comprise a mixture of randomly oriented semiconductor CNTs (s-CNTs) and quasi-metal CNTs ( m-CNTs). The proposed model includes the concept of the two-dimensional plasmons in relatively dense networks of randomly oriented CNTs (CNT "felt") and predicts the detector responsivity spectral characteristics. The detection mechanism is the rectification of the ac current due the nonlinearity of the Schottky contact current-voltage characteristics under the conditions of a strong enhancement of the potential drop at this contact associated with the plasmon excitation. We demonstrate that the excitation of the two-dimensional plasmons by incoming THz radiation the detector responsivity can induce sharp resonant peaks of the detector responsivity at the signal frequencies corresponding to the plasmonic resonances. The detector responsivity depends on the fractions of the s-and m-CNTs. The burning of the near-contact regions of the m-CNTs or destruction of these CNTs leads to a marked increase in the responsivity in agreement with our experimental data. The resonant THz detectors with sufficiently dense lateral CNT networks can compete and surpass other THz detectors using plasmonic effects at room temperatures.
I. INTRODUCTION
Plasmonic electron phenomena in semiconductors could enable advanced terahertz (THz) devices [1, 2] . In particular, the THz detectors using the non-linear plasmonic properties of two-dimensional electron gas (2DEGs) [2] have proved to be very effective devices operating at room temperature [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] . The resonant excitation of the plasma oscillations in the gated and ungated 2DEGs by incoming THz radiation could support relatively large electric-field oscillations and, hence, rather large rectified current components. Using the nonlinearity of the current-voltage characteristics (such as the nonlinearity of the thermionic or tunneling channel-gate leakage or injection currents) to enhance the hydrodynamic nonlinearity of plasma oscillations [2, [22] [23] [24] [25] [26] [27] [28] [29] , the pertinent detectors can exhibit marked advantages. In particular, the combination of the plasmonic properties of the 2DEG channel with the contact nonlinearity can be realized in lateral Schottky diodes [24, 25] .
The detection of THz radiation in lateral device structures based on carbon nanotubes (CNTs) was demonstrated in Refs. [30] [31] [32] [33] [34] . The detection mechanisms in the devices with nonuniform CNT networks [32] [33] [34] are associated with nonuniform heating of the electron or hole system by the absorbed THz radiation or with the structure asymmetry due to metal contacts with different nonlinear properties leading to the rectification of the ac current induced by this radiation. Different CNTbase photodetectors and mechanisms of their operation were reviewed in Ref. [35] The incident THz radiation can excite the plasma oscillations in lateral CNT networks (with the wavelength larger that the average distance between the CNTs) in a similar way as in the 2DEG channels in the standard heterostructures or in the graphene-based heterostructures. The plasmonic nature of the THz response in CNT systems was discussed in a number of publications (see, for example, Refs. [36] [37] [38] [39] [40] ). The role of the plasmonic effects in the aligned CNTs and disordered CNT networks was experimentally confirmed in Refs. [41] [42] [43] [44] . The interpretation of the experimental findings, relied on the concept of 1D plasmons propagating along the CNT and having cylindrical symmetry of the potential distribution (see, for example, Ref. [37] ). However, in sufficiently dense lateral CNT, different CNTs interact with each other and, as a result, the plasma oscillations excited by the THz radiation can be associated with the collective coherent motion of the carriers belonging to many CNT responding to the ac self-consistent electric fields. This collective motion reveals the 2D-nature of the response, especially pronounced when the plasma wavelength markedly exceeds the average distance between the CNTs.
In this paper, in contrast to the previous works focused on the dilute CNT systems (including the composite materials with randomly dispersed, randomly oriented CNTs), we study the 2D plasma oscillations excited by the THz radiation in lateral dense CNT disordered networks consisting of a mixture of the single-wall semiconducting CNTs (s-CNTs) and quasi-metallic CNTs (mCNTs) of the p-type.Also, we consider the networks of relatively long CNTs connecting two highly conducting contacts with distinct properties and focus on the role of the hole collective motion, i.e., on the plasmonic effects on the THz radiation detection and the characteristics of THz detectors based on such CNT networks.
The CNT device structure with relatively dense CNT network under consideration is similar to that fabricated and studied experimentally recently (type B devices for sub-THz and THz detection [34] and for transistor applications [45] ). We demonstrate that the hole system in the lateral CNT network can be treated as a 2D hole gas (2DHG), exhibiting pronounced plasmonic properties, and that the excitation of the plasma oscillations can result in a resonant enhancement rectified current component. Such CNT-based structures can be used in uncooled CNT-detectors with elevated responsivity exploiting the rectification mechanism.
II. DEVICE MODEL
The device structure under consideration is shown in Fig. 1 . We assume that the right-hand side metal (say, palladium) electrode to the lateral CNT network forms the Schottky contact (for the s-CNTs), whereas the left contact (vanadium) is virtually Ohmic. The structure is doped with acceptors. The highly conducting substrate (doped Si), separated from the CNT network by a barrier layer (SiO 2 ), plays the role of the gate. The variation of the gate voltage V g provides a variation of the population of both s-and m-CNTs with carriers (holes) and a change in the average sheet charge density in the CNT network. Figure 2 shows the band diagram of the CNT structure under consideration at a negative gate voltage. The CNT array is attracted to the SiO 2 layer by the Van-der-Waals forces. The CNT network (CNT "felt") consists of randomly oriented sufficiently long CNTs (L ≫ L, where L and L are the characteristic length of the CNTs and the spacing between the contacts, respectively), so that even those CNTs directed at rather large angles α (close to ±π/2) to the direction of the source-drain current are contacted both the electrodes. The device is coupled to the THz radiation with an antenna which also serves to provide the dc and ac (induced by the incoming THz radiation) voltages between the contacts.
The ratio of the densities (per unit length in the inplain direction parallel to the contacts)of the CNTs and m-CNTs, N m and N s , can vary in a wide range starting from N m /N s = 1/2 to zero. The latter case corresponds to the situation when the m-CNTs are selectively destructed by applying large enough source-drain voltage at positive gate voltage with s-CNTs in non-conducting state.
For simplicity, the carrier (hole) dispersion in the sCNTs is assumed to have a one-dimensional parabolic energy dependence on the momentum p with the effective mass m s : ε = ∆ g /2 + p 2 /2m s The dispersion of m-CNTs can be described by the quasi-relativistic dispersion relation which in the case of small energy gap can be presented as ε ≃ v W p. Here ∆ g is the energy gap in the s-CNTs and v W ≃ 10 8 cm/s is the characteristic velocity of the gapless spectrum [46] . We restrict our consideration to sufficiently dense CNT networks with a large number, N , of the holes in the area with the radius equal to the Debye screening length l D . In this situation, the lateral carrier movement is associated with the effect of the self-consistent electric field. However, the average distance between the CNTs N −1 m , N −1 s is assumed to be much larger than the size of the localization region around individual CNTs, so that the wave function overlap is insignificant. This allows us to consider the carrier system in each CNT as one-dimensional. The pertinent estimates will be provided in the following.
The net voltage between the source and drain contacts is equal to V = V 0 + δV ω exp(−iω t), i.e., it comprises the dc bias voltage V 0 and the ac THz signal voltage δV ω exp(−iω t) with the amplitude δV ω and frequency ω
In the presence of the ac electric field δE ω = −dδϕ ω /dx, where δϕ ω is the ac component of the electric potential at the CNT network plane, the ac component of hole distribution function δf ω (p, α), where p is the hole momentum along the CNT and α is the angle between the source-drain current direction and the CNT axis, can be found from the kinetic (Boltzmann) equation:
Here ν is the phenomenological electron scattering frequency due to the electron scattering with disorder (ν = ν s and ν = ν m in the semiconducting and quasi-metal CNTs, respectively, f 0 (p) is the equilibrium Fermi distribution function, and e = |e| is the electron charge. In sufficiently dense CNT networks, the intersections of the CNTs can occur. In the model under consideration, these intersections are accounted for as additional scattering points for the holes propagating along the CNTs leading to an increase of the frequencies ν m and ν s .
A. Semiconducting CNT network
Generally both the electron motion along CNTs and and their polarization contribute to the ac conductivity of the CNT network. The polarization component is small because of a large energy of the bound states associated with the direction perpendicular to the CNT axis except the signal frequency close to the polarization resonant frequency ω ⊥ [38] . As shown for the quantum wires (QWRs) of different origin [38] , ω ⊥ ∝ 1/ √ R CN T , where R CN T the QWR radius. In the case of CNTs with 2R CN T ≃ 1.5 − 2.3 nm, the resonant frequency ω ⊥ is markedly large, so that the pertinent resonances can play a substantial role in the range of rather high signal frequencies which is out of scope of this work.
In the framework of a simplified model , the ac inplane conductivity of the s-CNT network averaged over the CNT angles σ ω can be presented as
Here is the reduced Planck constant, Θ(α) is the distribution function of the CNTs over their direction angle α, and θ = π/2 −π/2 dα cos 2 (α) Θ(α). The angle distribution parameter θ = 1 and θ = 1/2 in the cases when all the CNTs are perpendicular to the contact and when they are uniformly distributed over the angles, respectively.
Assuming that the one-dimensional hole system in each CNT is degenerate, i.e., (the electron Fermi energy in the semiconducting CNT µ s = µ − ∆ g /2 markedly exceeds the temperature T (in the energy units). The Fermi energy µ is counted from the middle of the the conducting CNTs energy gap, i,e,m from the Dirac point. From Eq. (2) we obtain
Considering that the dc surface hole density in the semiconducting CNTsΣ s 0 is given by the following formula:
Eq. (3) can be presented as
The appearance of a factor of θ (1/2 ≤ θ ≤ 1) in Eq. (5) is associated with the angle spreading of the CNTs and a decreased contribution of the CNTs not parallel to the current direction.
B. Quasi-metallic CNT network
The ac conductivity associated with the quasi-metallic CNTs of the density N m can be calculated using the following expression:
Here µ m = µ ≫ T . Simultaneously for the relation between the hole density in the quasi-metallic CNTs Σ m,0 and the Fermi energy µ m and between the ac conductivity and the hole density one can obtain
The quantity
W in degenerate electron systems with a linear dispersion is usually called as the fictituous mass.
C. Comparison of the ac conductivities
As follows from Eq. (6), the ac conductivity σ m,ω does not explicitly depend on the Fermi energy µ s However, σ m,ω (as well as σ s,ω ) can depend on the Fermi energy and the hole density via the dependences of the collision frequencies.
Comparing Eqs. (3) and (6), we find
If the collision frequency is proportional to the density of states at the Fermi level, Eq. (8) in the limits ω ≪ ν s , ν m and ω ≫ ν s , ν m respectively yields
and
Setting 
III. FORCED PLASMA OSCILLATIONS IN CNT NETWORK STRUCTURES A. Gated structures
For the CNT structures with the the gate layer thickness W g ≪ L, the self-consistent ac potential at the CNT network plane δϕ ω = δϕ ω (x) = δψ(x, z) ω | z=0 can be calculated from the Poisson equation in the gradual channel approximation [47] :
Here δΣ ω = δΣ s,ω + δΣ m,ω is the ac variation of the net hole density in the CNT network, κ is the dielectric constant of the gate layer material. The axis x is directed in the CNT network plane from one the contact to another and the axis z is perpendicular to this plane (see Fig.1 ). In Eq. (11), the quantum capacitance [48] is disregarded because for the practical values of the gate layer thickness [33] the geometrical capacitance per unit area C g = κ/4π W g is much smaller than the quantum capacitance.
The continuity equations of the electron components in the semiconducting and quasi-metallic CNTs can be presented in the following form:
Combining Eqs. (11) - (13), we arrive at the following equation governing the ac potential in the channel
where
Here
Assuming for simplicity that ν s ≃ ν m = ν, Eqs. (14) and (15) can be reduced to the following:
are the characteristic plasma-wave velocity and frequency of plasma oscillations in the gated channel of the length L (L ≫ l). If D m ≪ D s and θ = 1, the latter equation yield the same value for s as for the 2DEG with the parabolic electron spectrum and the effective mass m:
Considering Eqs. (4), (7), and (18), Ω g can be expressed either via Σ s,0 /m s and Σ m,0 /m m or via µ:
Here Σ m,0 = (4m s v W N m /π ). This quantity does not depend on the hole density and, hence, on the absolute value of the gate voltage |V g |, and increase in the hole density leads to an increase in the fictituous mass m m , so
It is instructive that Σ m 0 can be both smaller and larger than real hole density in the m-CNTs depending the m-CNT density. Since the net hole density (and, what is important, the hole density in the s-CNTs) in the gated structures varies with varying gate voltage V g , the characteristic plasma frequency Ω g is voltage controlled. However, the Ω g − V g dependence differ from those in the gated 2D electron or hole systems in the standard heterostructures
) and graphene (s ∝ V 1/4 g [49] ), because according to Eq. (21)only the variations of the hole density in the s-CNTs affect the plasma frequency.
The boundary conditions can be formulated using the following reasoning. The resistance of the left-hand-side contact (at x = 0), which can be considered as the Ohmic one, is small so that the potential drop at this contact is negligible. In contrast, the potential drop across the right-hand-site contact depletion region, which is usually modeled as a Schottky contact (see, for example, Refs. [50, 51] ).
In our model, we assume that the ac current density across the depletion region is associated with the Ohmic component (characterized by the m-CNT contact resistance R m ), hence, the pertinent current density δj m = δϕ ω N m /R m , with the current density through the contacts of the s-CNTs and metallic electrode (which is modelled by the Schottky-contact current-voltage characteistic) δj s ≃ N s (δϕ ω /R s + β s δϕ 2 ω )| x=L−l , and the density of the displacement current
−1 is the resistance of the Schottky contact between each s-CNT and the electrode,
is the parameter of the Schottky-contact nonlinearity, C is the capacitance of the depletion region (per unit length in the lateral direction perpendicular to the current flow), and l is the thickness of the depletion region at the Schottky contact [see Fig. 2 ]. Thus, the net current density δj C across the contact is equal to
where Y ω = 1/r − iω C is the contact region admittance (per unit length the current flow direction) and 1/r = N m /R m + N s /R s , so that Y 0 = 1/r. In the case of the blade-like electrodes, the capacitance C can be estimated as C < (κ/2π 2 )Λ, where the factor Λ ∼ 1 describes the specifics of the geometry the Schottky contact of the s-CNTs and the metal electrodes. )n the analogy with the Schottky contacts of 2DEG or 2DHG, Λ ≃ κ/2π 2 ln(4L/l) [52] (see also Refs. [53] [54] [55] . In the gated structures, the net ac current between the electrodes comprises also the displacement current between them through the gate δj G = −iωC sgd δV ω . The pertinent capacitance (per unit length) can be estimated as
, between the electrodes and the gate is can be disregarded. Moreover, this ac current does not affect boundary conditions (22) . , Considering this and disregarding the nonlinear term in the expression for the current density (only in the calculation of the linear response), the boundary conditions can be set as follows:
Similar boundary conditions were used previously in the modeling of different plasmonic devices with the Schottky contacts [24, 25] Equation (16) with the boundary conditions (22) yield the following formulas for the ac potential δϕ ω :
, and
where h −1 = 2L/π σ 0 r and τ c = 2LC/π σ 0 is the time of the Schottky contact "capacitor" charging via the quasi-neutral region of the CNT network.
In particular, for the ac voltage drop across the contact region which determines the rectified current Eqs. (23) and (24) yield
Hence, the square of the absolute value of the ac potential drop across the depletion region averaged over the THz radiation period
Assuming m s ≃ 6 × 10 −29 g, κ = 4, θ = 0.5,W g = 50 nm, and Σ s0 +Σ m0 = 10
5 V/cm). Considering these parameters, we also set ν = 2 × 10 12 s −1 , θ = 0.5, R s = 10 3 kΩ (this corresponds to the experimental data for purely s-CNT network), N s = 2×10 5 cm −1 (i.e., r ≃ R s /N s = 5 Ω·cm). As a result, we obtain the following estimates: h ≃ 48−96 and τ c ≃ (0.23 − 0.46) × 10 −13 s. As seen from the results below, just the latter time determines the role of the Schottky contact capacitance in the high-frequency response.
B. Ungated structures
In the CNT structures under consideration with a relatively thick gate layer (W g > L), the self-consistent electric field is localized near the CNT network plane and sufficiently far from the gate. In these structures, the conductivity of the gate only weakly affects the plasma oscillations, in particular, their dispersion characteristics. Therefore, such structures can approximately be considered as the ungated ones, although a remote gate can be used for the voltage control of the carrier density.
In the ungated structures, the self-consistent ac electric potential δψ ω = δψ ω (x, z) in the channel (z = 0) and in the areas surrounding it (z > 0 and z < 0), can be found from the following equation [24, 25, 52, 56, 57] :
Here the Dirac delta function δ(z) describes the hole localization at the plane of the CNT network z = 0. Considering the hole motion along the CNTs, Eq. (28) can be transformed to the following:
Apart from the natural boundary conditions δψ ω |z = −∞ = δψ ω |z = −∞ = 0, the same boundary conditions as above [i.e., Eq. (22)
Consequently,
One can see that Eq. (32) coincides Eqs. (27) with the replacement of the quantities ae ω and ξ ω by
respectively.
Here the pertinent characteristic plasma frequency is given by the following equation [different from Eq. (20)]:
Hence, Ω g = Ω π W g /L, i.e., at the same L, Ω g < Ω.
For the hole density used in the estimate of Ω g /2π in the previous subsection, the plasma frequency Ω/2π = 0.6 − 1.2 THz can be achieved in the ungated structures with L ≃ 0.78 − 3.12 µm, i.e., in the structures with markedly If the channel length L and the gate layer thickness W g are of the same order of magnitude, Eqs. (27) and (32) are sill valid but the dispersion factors ae ω and γ ω should be replaced by the more complex unified factor. (27) and (32), we obtain
C. Limiting cases
If the contact resistance r is small in comparison with the dc resistance of the main part of the CNT network L/ σ 0 (that can be a large number of the m-CNTs with very small contact resistance) Eq.(36) yields a very small value:
In real CNT networks the contact resistance r can be larger than L/ σ 0 as in the CNT networks experimentally studied in Ref. [34] (see, also, Ref. [51] ). Relatively large contribution to the resistance of the contacts between quasi-metallic CNTs and the contact electrode (which could form the Schottky contact with rather low energy barrier) can be attributed to quantum contact resistance and the presence of an additional insulating barrier (not shown in Fig. 2 ) if no special formation methods are used [58, 59] .
In such a case, from Eq. (36) we obtain
i.e., |δV
1/2. At relatively large contact resistance, in a wide frequency range parameter |ξ ω | ≫ 1. In this frequency region for the gated structures Eq. (27) yields
At very high signal frequencies, the imaginary part of the contact region admittance Y ω can become large, so that the displacement current can actually shunt the depletion region. In this frequency range, |ξ ω | ∝ 1/ h −2 + ω 2 τ 2 c (and ζ ω ∝ 1/ h −2 + ω 2 τ 2 c ) can become small. In this case,
. (40) Equation (40) 2 with increasing frequency due to the capacitance effects is characterized by relatively short charging time τ c .
The relationships similar to Eqs. (39) and (40) can be obtained from Eq. (32) with ζ ω and γ ω instead of ξ ω and ae ω . Figure 3 shows the spatial distributions of the ac potential distribution δ ω ϕ = δϕ ω (x) in the gated structures calculated using Eqs. (23) and (24) for different ratios ω/Ω g at different ratios ν/Ω g (i.e.,different values of the plasma oscillations quality factor Ω g /ν. It is assumed that l/L = 0.1 and h = 60 and Ω g τ c = 2/3. If, in particular,ν = 2 × 10 12 s − ,the upper and lower panels of The spatial distributions for ω/Ω g ∼ 1 (in two leftside upper pannels) correspond to the plasma wavelength λ ∼ 4L. As seen from Fig. 3 and follows from Eqs. (23), (24) , and (26), the absolute value of the ac potential |δϕ ω | can markedly exceed δ V ω at the plasmonic resonances which are close to (2n − 1)Ω g , where n = 1, 2, 3, .... In the latter cases the potential drop across the Schottky contact |δϕ ω | x=L−l | is large and |δV (39) , in which the denominator reaches a minima at the plasmonic resonances]. the distribution in two leftside panels correspond to the frequency range around the fundamental plasmonic resonance (2n−1 = 1), while two right-side panels correspond to the next resonance (2n − 1 = 2). Similar situation occurs when in the ungated structures the ratio ω/Ω approaches to 2(n − 1).
IV. DETECTOR RESPONSIVITY A. Photocurrent
The variation of the dc current density due to the THz radiation (THz photocurrent) ∆j 0 , which is associated with the rectified current component generated by the THz radiation, can be presented as with |δ V DR ω | 2 given by Eqs. (27) or (32) . Considering that the current density across the Schottky barriers in the s-CNT-electrode junction is given by j s = N s J S exp(−eΦ S /T )[exp(eϕ/T ) − 1], where J S is the saturation current of a single-CNT junction and eΦ S the height of the Schottky barrier, one can obtain
T ). Taking this into account from Eq. (42), we obtain
∆j 0 = N s β s |δV DR ω | 2 = N s J S exp e(V 0 − Φ S ) T e 2 |δV DR ω | 2 T 2 .(42)
B. Current responsivity
Considering the variation of the dc current D∆j 0 (where D is the device size in the lateral direction perpendicular to the current direction) under the incoming THz radiation of intensity I ω as the output signal, the detector current responsivity (in A/W) is defined as
where S = λ 2 ω G/4π is the antenna aperture, G is the antenna gain, and the factor E (E < 1 or E ≪ 1) characterizes the radiation loss and reflection (effects of mismatching of the antenna and the CNT detector structure). Taking into account that (δ V ω ) 2 ∼ (8λ 2 ω /πc)I ω , where c is the speed of light and λ is the wavelength of the incident THz radiation, and using Eqs. (13), (16), (27) , and (32), for the CNT detectors based on the gated and ungated structures we respectively obtain
is the responsivity without the plasmonic effects. Naturally it is proportional to the density of the s-CNTs and depends on the parameters of their Schottky contact to the metal electrode (J S and Φ S ). The maximum of R is achieved when Φ s − V 0 = 2T /e, i.e., when Φ s − V 0 ∼ 50 meV at room temperature. The second terms in the right-hand sides of Eqs. (44) and (45) describe the effect of the plasma oscillations excitation by the incident THz radiation. These terms can exhibit a pronounced resonant behavior as a function of the signal frequency ω and the plasma frequencies Ω g (or Ω) provided the quality factor of the plasma oscillations is large. Figure 4 shows the spectral characteristics frequency dependences of the normalized current responsivity R ω /R of the gated and ungated detectors calculated using Eqs. (45) and (46) respectively, with different ratios ν/Ω g (upper panel) and ν/Ω (lower panel) assuming h = 60 and Ω g τ c = 2/3 and Ωτ c = 2/3. As seen from Fig. 4 , the responsivities of both gated and ungated detectors exhibit resonant maxima with the sharpness increasing with decreasing ν/Ω g and ν/Ω (with increasing resonance quality factors). The responsivities can achieve rather high values markedly exceeding the those at lowfrequencies.
As an example, Fig. 5 demonstrates the frequency dependences of the gated and ungated detector responsivity with Ω g /2π = 1.0 THz and Ω/2π = 1.635 THz, respectively. These values correspond to L = 0.42 µm and W g = 0.05 µm (in the gated device), L = 0.42 µm (in the ungated device), and the same hole densities (Σ 0 = 10 12 cm −2 ) in both. The collision frequency is assumed to be ν = 2 × 10 12 s −1 , so that τ c ≃ 0.28 × 10 −13 s; other parameters are the same as for Fig. 4 .
Both Fig. 4 and Fig. 5 show a marked shift of the resonances from their nominal values ω n = (2n − 1)Ω g and ω n = (2n − 1)Ω toward smaller frequencies. Some deviation of the plasmonic resonant frequencies from (2n − 1)Ω g and 2(n − 1)Ω is associated with the finiteness of its depletion width (L = L) resulting in an effective shortening of the plasmonic cavity, and the plasma oscillations damping due to the hole scattering proportional to ν. The first reason provides some increase in the resonant frequencies [by a factor of (1 + l/L)], while the second effect leads to a vary decrease in the resonant frequencies in the ungated devices (see Appendix A). Both mechanisms are relatively weak at the parameters used in the calculations: l ≪ L and ν ≪ Ω g , Ω.
The main contribution to a substantial decrease in the resonant frequencies is associated with the effect of the Schottky contact capacitance.
The resonant peak width ∆ω n is determined by the plasma resonance quality factors, Ω g /ν and Ω/ν [see Eqs. (A5) and (A6) in the Appendix A]. As for the height of the resonant peaks with different index n, its decrease with increasing n in the gated devices is solely due to the capacitance effect characterized by the quantity ω n τ c . Our calculations shows an equalizing of the peak heights, whose positions tend to the nominal resonant frequencies, when the charging time τ c and the capacitance C decrease. However, in the ungated devices, lowering of the peaks associated with the capacitance effect is reinforced by entirely plasmonic mechanism. This explains a more dramatic responsivity roll-off in the ungated devices compared to the gated ones seen in Figs. 4 and 5.
C. Voltage responsivity
In the absence of the applied bias voltage, the quantity V 0 can be considered as the induced photovoltage. The latter is determined by the balance between the photocurrent D∆j 0 and the dc current density caused by the induced photovoltage j 0 = V 0 (N s /R s + N m /R m ). As a result, using Eq. (43), assuming that V 0 ≪ T /e (i.e., at relatively low radiation intensities), for the voltage responsivity R V ω we find
From Eq. (48) 
can be rather small. In contrast, in the structures with the destructed m-CNTs or disconnected from the right contact (the Schottky contact for the s-CNTs) by the scorching (burning) of the near contact portions of the m-CNTs R V ω can be rather large. Indeed, setting N m = 0, from Eq. (48) we obtain R V ω ≃ R ω (R s /N s D). One needs also to point out that in the former case, the current responsivity R ω can be much smaller than in the latter case. Thus, the elimination of the m-CNTs can lead to a marked increase in the low-frequency current responsivity but even stronger relative increase in the low-frequency voltage responsivity. In principle, the elimination of the m-CNTs can result in a significant change of the plasmonic properties.
V. COMPARISON WITH THE EXPERIMENTAL DATA
We compare the above theoretical results with the recent experimental data related to the THz detectors based on asymmetric devices with one the Ohmic and the Schottky contacts and the conduction channels are formed by lateral arrays of CNTs [34] and some new our experimental results shown below. Assuming J S = (2 − 6) × 10 −7 A, e(Φ s − V 0 )/T = 2, and T = 300 K, we obtain β s ≃ (2 − 6) × 10 −5 A/V 2 , that is consistent with the experimental value [34] These values of the current and voltage responsivities are in a reasonable agreement with the data obtained experimentally [34] . To achieve higher responsivities, the devices with higher antenna efficiency should be used. Another opportunity is to realize the resonant plasmonic response predicted above using the structures with relatively high ratios Ω g /ν or Ω/ν.
As predicted above, the elimination of the m-CNTs might also lead to a substantial increase in the responsivity. To verify this, we fabricated and measured device structures similar to those fabricated and studied as in Ref. [34] . The spacing between the contacts and the gate thickness are L = 1500 nm and W g = 500 nm, respectively. It includes eight CNTs connecting the electrodes (so that N ≃ 10 4 cm −1 ) and was supplied with a spiral antenna. The SEM image of such a CNT device is shown in Fig. 6 . The structure corresponds to that schematically shown in Fig. 1 . Originally the CNT network was formed with a mixture of the s-and m-CNTs. This is confirmed by the analysis of the device transfer characteristics. The response of the structure was measured at the negative gate voltage V g = −10 V) as a function of the radiation frequency in the sub-THz range from 140 to 220 GHz The CNT network was coupled to the radiation by a spiral antenna. Then the m-CNTs that provided a substantial current path between the electrodes were destroyed, so that the current between the electrodes was associated with the s-CNTs. The response of this structure after the destruction of of the m-CNTs was measured as a function of the radiation frequency (at the same gate voltage and in the same frequency range as in the case of original structure). The results of the transfer characteristics measurements are shown in Fig. 7 . As seen from Fig. 7 , the maximum device conductance (ONconductance) at the negative gate voltage originally was about of 40 µS. After some CNTs were destroyed, the conductance droped down to 8 µS. This implies that the contribution of the destroyed m-CNTs was about of 32 µS, and that the hole density in the s-CNTs was about one fifth of the net density. The minimum conductance (OFF-conductance) of the original structure was about of 12.5 µS.
As seen from Fig. 8 , the voltage responsivity of the device with the destructed m-CNTs in the frequency range 150 -160 GHz is much larger (about five times) than that of the original device with a mixture of the m-and s-CNTs.
First of all, our model describes the mechanism of the THz response of the devices under consideration in terms of the rectification of the signals at the Schottky contacts of the s-CNTs and the electrode. As shown, the shunting effect caused by relatively low contact resistance of m-CNTs can substantially suppress the effect of rectification. The elimination (disconnection from the electrode or destruction) of the CNTs lead to an efficient increase in the responsivity. This is confirmed by the data shown in Fig. 8 .
Second, the device model developed above predicts the resonant response of the CNT devices under consideration to the THz radiation associated with the excitation of the 2D-plasmons.
Although the experimental data shown in Figs. 7 and 8 are related to rather delute CNT networks, we apply the obtained above formulas for, at least, qualitative consideration of the experimental situation.
Since the gate layer thickness W g = 500 nm is close the quantity L/π ≃ 477 nm, Ω g ∼ Ω, so that both Eqs. (21) and (36) can be used for rough estimates. There are two plausible scenario: (a) due to burning, the m-CNTs are disconnected from the electrode, which forms the Schottky contacts with the s-CNTs, and (b) the m-CNTs are fragmented into small fractions much shorter than the spacing between the electrodes.
In the case "a", the holes belonging to the both types of the CNTs contribute to the plasma frequencies Ω g and Ω.
The analysis of the measurement results provides the hole density induced by the gate voltage V g = −10 V about of 10 11 cm −2 . The acceptor-induced hole density could be roughly estimated from the threshold gate voltage (∼ −2V , see Fig. 6 ) to be about 2 × 10 10 cm −2 . Setting κ ≃ 4, m s = (5 − 6) × 10 −29 g, θ = 0.5, V g = −10 V, and Σ 0 = 1.2 × 10 11 cm −2 , from Eqs. (20) and (35) we obtain Ω g /2π ≃ Ω/2π ≃ 316 − 347 GHz. In contrast, in the case "b", when only the holes in the s-CNTs determine the plasma frequencies, assuming Σ 0 = Σ s,0 ≃ 2.4 × 10 10 cm −2 , we arrive at Ω g /2π ≃ Ω/2π ≃ 141−155 GHz. We calculated the current and voltage responsivities of the detectors with the above parameters in a wide range of hole collision frequencies ν. Figure 9 shows an example of the voltage responsivity R V ω as a function of the signal frequency Ω/2π calculated using Eqs. (44) - (48) for the CNT structures with a mixture of the m-and s-CNTs with Ω g /2π = 330 GHz and for the CNT structure with disconnected m-CNTs with Ω g /2π = 330 GHz) as well as fragmented m-CNTs with Ω g /2π = 150 GHz assuming the hole collision frequency nu = 2 × 10 12 s −1 and the pertinent charging time τ c = 4 × 10 −2 s . In line with Fig. 7 , it is also assumed that the ratio of the conductance G ∝ ρ −1 for the structure with the CNT mixture and for the structure with destroyed m-CNTs is equal to five. According to Fig. 9 (as well as according to the calculations with other values of nu), the frequency dependences of the voltage responsivity are monotonically decreasing not exhibiting any resonant peaks. This can be attributed to relatively low quality factor (Ω g /ν ≃ 0.47 in the case of fragmented m-CNTs) and to the signal frequencies well below the plasmonic resonance frequency in the case of the mixed CNT array and the array with disconected m-CNTs). Due to this, t the responsivity maxima in Fig.8 are most probably attributed to to antenna shape -induced effects.
VI. DISCUSSION
A. Self-consistent 2D model
As it was assumed in the model under consideration, each electrons interact with a large number of others. This is in line with the consideration of the collective effects in different plasmonic media with a large number of charged particles in the Debye sphere [60] .
In our case, assuming for simplicity that the Debye screening length l D is the same as in the standard 2DEG with effective (or fictituous) mass m = 6 × 10 −29 g, κ = 4 − 20, and Σ 0 = 10 12 cm −2 , for the number of the electron inside the region with the area πl
12 cm −2 , we obtain N ≃ 1 − 7. However, one needs to point out that the effects of the self-consistent electric field can really be important in different plasmas even if the parameter of ideality N 1.
The value Σ 0 = 10 12 cm −2 (which is determined either by the gate voltage and doping level) can correspond to
5 cm −1 implies that the average distance between CNTs is about of N −1 ≃ 50 − 100 nm, which is orders of magnitude larger that the size of the electron localization around the CNTs (slightly larger than the diameter the CNTs under consideration 2R = 1.5−2.3 nm), so that the overlap of the electron wave functions of individual CNTs is negligible. As was mentioned above, the crossing of the CNTs, at which the CNTs touch each other, can play the role of the electron scattering (collision) points. Due to the deformation mechanism of such scattering the effective collision frequency is smaller than the frequency of the crossing of these points by electrons. For N (1 − 2) × 10 5 cm −1 and the average electron velocity along the CNTs v ≃ (1 − 5) × 10 7 cm/s, this yields for the pertinent collision frequency the following estimate: ν cross < v N ≃ (0.5 − 5) × 10 12 s −1 . The interaction of the electrons belonging to different CNTs near the crossing of the latter, does not change the momentum of the pairs of colliding electrons, and, hence, does not contribute to the electron momentum relaxation and the quantity ν. The latter implies that the "crossing" collision mechanisms in question should not suppress the plasmonic resonant response when Ω g /2π, Ω/2π > 0.3 − 1.5 THz.
B. Bolometric mechanism
The absorption of the THz radiation in the CNT network and similar sistemscan lead to a heating of the hole system in the CNTs (see, for example, Refs. [61] [62] [63] [64] . The excitation of the plasmonic oscillation can result in the enhancement of the absorption at the plasmonic resonances. In this case, apart from the rectified current, an extra dc current associated with the difference of the electron temperature in the CNT network and the contacts can appear if the contacts have different thermal properties. The calculation of the bolometric contribution to the responsivity under the conditions of the plasmonic effects, requires a more complex model than that used above. The spatial distribution of the effective hole temperature might be essentially nonuniform due to the nonuniform spatial distribution of the ac electric field (which heats the DHG in the CNT network under consideration) and due to thermal flows from the CNT network toward the contacts. Therefore, the equations of more strict device model should be supplemented by the heat conductivity equation and related boundary conditions accounting for the contact properties. This model will be considered elsewhere. Below we estimate the bolometric contribution to the responsivity using a fairly simple model.
Assuming that (1) the variation of the current due to the hole heating is associated primarily with the variation of the Schottky contact electrical conductivity (due to higher thermal conductivity of the Ohmic contact and, hence, smaller temperature gradient near the latter), (2) the variation of the effective hole temperature near the Schottky contact is close to that averaged over the entirely CNT network and the plasmonic oscillation period δT ω > 0, and (3) only the s-CNTs contribute to the effect in question. In such a situation, the expression for the density of the rectified current given by Eqs. (41) and (42) should be generalized as follows:
)/e characterized the variation of the current density trough the Schottky contact due to an increase of the hole effective temperature in the s-CNTs. Since δT ω is determined by the balance between the THz power absorbed by the CNT network and the power which goes to the lattice (and the contact), one can write δT ω ≃ Re σ ω |δ V DR ω | 2 τ ε /Σ 0 L 2 , where τ ε is the effective energy relaxation time. Considering this, one can arrive at the the following formulas for the rectified current density ∆j 0 and the net responsivity R net ω (associated with both the rectification and bolometric effects):
is the ratio of the hole bolometric response and the effect of the rectification, where
Setting e(Φ S − V 0 ) = 50 meV, m s = 6 × 10 −29 g, and L g = 1 µm, ν = 2 × 10 12 s −1 at ω/2π = 0.1 − 1.0 THz, we obtain b ω ≃ 3 × 10 −3 − 6 × 10 −2 . This implies that H ω can be comparable with unity or exceed it if the hole energy relaxation time τ ε is sufficiently long. According to these estimates, there should τ ε > 10 −11 s for the sub-THz frequencies and τ ε > 10 −10 s for the frequencies about 1 THz. At sufficiently low temperatures, the latter conditions can be satisfied.
If the hole heating leads to stronger hole current from the CNT network to the Ohmic contact due to, in particular, special thermal isolation of the pertinent CNT network (as in device A in Ref. [34] ), the bolometric responsivity can be relatively high and exhibit the opposite sign.
VII. CONCLUSIONS
We investigated the hole transport and the plasmonic oscillations excited by incoming THz radiation in the device structures with lateral CNT networks and asymmetric contacts (one Ohmic contact and one Schottly contact) and evaluated their effect on the operation of the THz detectors using such structures. We developed the device models accounting for the 2D nature of the collective behavior of the hole system in lateral CNT networks, i.e., treating this system as a 2DHG, including both the s-and m-CNTs and the specifics of the contact phenomena. As demonstrated, the rectification of the ac current stimulated by the THz radiation at the Schottky contact of the s-CNTs (associated with the nonlinearity of the current-voltage characteristics of this contact) is an effective mechanism of the THz detection. The excitation of plasmonic oscillations of the self-consistent electric field by the THz radiation can lead to a substantial increase in the rectified current and, hence, to the elevated detector responsivity. Due to the resonant character of the plasmons excitation, the responsivity can exhibit sharp resonant peaks. The positions of these peaks can be controlled by the gate voltage. We showed that the disconnection (or fragmentation) of the m-CNTs from the contact electrode results in a marked increase in the responsivity due to the elimination of the partial shunting of the Schottky contact. This was confirmed experimentally by comparing the CNT structures with natural ratio of the s-and m-CNTs densities (usually two to one) with the structures with the destructed m-CNTs. The resonant THz CNT detectors with sufficiently high density s-CNT networks can surpass other THz detectors using plasmonic effects at room temperatures.
respectively Maxima of functions (A1) and (A2) are achieved at the resonant frequencies (if ν ≪ Ω g , Ω)
and, neglecting the term ν/4πΩ(2n − 1) 3/2 ≪ 1,
For the broadening of the resonant peaks from Eqs. (A1) and (A2) we obtain: at
and ∆ω n ≃ (2n − 1) 4 ν.
As follows from Eq. (A1), the resonant peaks height in the gated detectors is given by
At ω n τ c 1, R ωn becomes proportional to a factor ω n τ c ) −2 , so that R ωn drops as (ω n τ c ) −2 ∝ (2n − 1) −2 . This implies that the peaks roll-off in such devices is associated primarily with the capacitance effect characterized by the charging time τ c . In the case of ungated devices, Eq. (A2) yields
Hence, in the ungated devices, R ωn decreases with the index n starting from its moderate values. At ω n τ c 1, R ωn , the capacitance effects lead to an additional roll-off of the responsivity peaks height with increasing n.
